The hazard caused by the fragments of damaged structures is usually significant in accidental explosions or hostile blast events. A reliable and efficient method to estimate probable fragment size, velocity and launch distance will be very useful for engineers to assess and design counter measures to mitigate the possible fragment hazards. This paper presents a numerical method for predicting the size and launch distance of the fragments caused by explosive damage of masonry wall. Numerical simulations with different scaled distances are carried out, and the statistical distribution functions of the fragment size and launch distance in terms of the scaled distance are derived.
Introduction
When an accidental explosion or a hostile blast occurs, the debris dispersion of damaged structures is one of the most significant aspects in determining the explosive hazards to nearby occupants and structures. The information about fragment size and launch distance is important for engineers to design the mitigating solutions. In the pertinent research field, majority of early effort mainly focused on the study of fracture mechanics of brittle materials [1] [2] [3] , and some of the work is based on dynamic experiments [4, 5] . In the recent decades, with the development of computer techniques, many numerical simulations on fracture and fragmentation phenomenon emerge and become more popular [6] [7] [8] . However, as this research task is extremely complicated, many improvements on the existing methods are needed for reliably predicting fragments generated from damaged structures in an explosion event.
Brick masonry is one of the most common structural materials. Especially, most of historical and monumental structures, which are likely targets of terrorist attack, are made of masonry. Therefore it is important to strengthen such structures to against blast loads. In this paper, a numerical method to simulate masonry wall fragmentation is presented. A homogenized masonry wall material properties proposed by Wei and Hao [9] is adopted to model the masonry materials.
The reliability of this model as compared to the distinctive modeling is verified in a previous study. Eight numerical simulations with different scaled distances are carried out. Using the numerical results of fragment size and launch distance, statistical distribution functions of masonry wall fragments are derived in this paper.
Theory

Fracture mechanics and fragmentation theory
When subjected to a tensile overstress, the preexisting mirco-cracks in brittle material would be activated and begin to grow. Certain time duration is needed for a total development of cracks. Fragment size is inextricably related with crack length. A crack growth tensor with three orthotropic components is defined as:
where i N  is the increase rate of the idealized penny-shaped cracks per unit area in principal direction i, and A i is the fracture region surrounding the penny-shaped flaw.
i cr t is the time duration needed for fracture to take place in direction i.
The penny-shaped fracture region
formed by the growth of cracks activated at a past time is assumed as:
where i g c is the crack growth speed, which is related to the Young's modulus and density as [10] :
The increase rate of crack number i N  can be expressed as [2] :
 and  are two material parameters, and angular bracket  denotes a function defined as
 is the threshold tensile strain in the ith direction. In this study, an average value of strain rate is assumed in fracture derivation. 
Since cracks are assumed to grow with a constant velocity, a linear relation between crack size r and time t is expressed as
. The crack growth tensor can then be expressed as integration of r
Cracks are assumed to grow in both directions simultaneously, and therefore the fragment size i S is twice of the crack size r. The fragment size distribution function
The square root value of every component is used to denote the general fragment size.
Masonry material
In this study, the homogenized masonry material model and the corresponding material parameters presented in [9] are adopted. It includes a linear EOS, a piecewise strength criterion with a yield cap, a damage scalar, and the strain rate effect. More detailed information about the homogenized masonry model can be found in reference [9] .
Numerical Simulation
The material model and fracture mechanics theory presented above are compiled as subroutines and linked with AUTODYN, and are used to calculate the fragmentation process of the example masonry wall to blast loads in this study.
Masonry wall model and blast loads
A masonry wall of 2.88m width, 2.5m height and one brick layer is modelled with homogenized masonry material properties. Every sides of the wall are assumed to be fully fixed.
Eight cases with 1000kg TNT charge and different stand-off distances are simulated. Table 1 shows the blast cases.
Tab. 1 Explosive cases (1000kg TNT)
Case No. Triangularly diminishing blast load is applied on wall surface. The peak pressure, arriving time and duration are determined by TM5-1300 [11] . In this study, explosive is assumed to be set on the ground surface, so the front surface of blast wave is semi-spherical, and blast wave arrives at the base of the wall earlier. The wall surface is divided into a number of small areas for the first three blast cases to estimate the blast load because the blast pressure in these cases is not uniform on the wall. Fig 1 shows the detail of the surface division. Because the explosive faces the center of the wall, the blast pressure is symmetric about the vertical axes, only half of the wall is analyzed. The blast pressure in each of the subdivided area is assumed uniform and calculated using a reference point at the center of the area. The blast pressures in case 4 to 8 are assumed uniform on the wall in this study because of the relatively large stand-off distance. 
Fragment size distribution
The histograms in Fig. 2 show the fragment size distributions induced in different blast cases. 
Fig. 2 Fragment size distribution density
According to the general distribution shapes in different cases, the generalized extreme value distribution is chosen to describe the fragment size distribution, which has a density function as:
where  , , k are the three parameters controlling the distribution shape. The dashed lines in Fig. 2 are the generalized extreme value distribution function. As shown, it represents the fragment size distribution well.
Fragment launch distance
Prediction of fragment launch distance is another important aspect in evaluation of hazards caused by explosion. In this study an algorithm proposed by TM5-1300 [11] is employed to calculate the ejection trajectory. The instantaneous velocity when cracks are totally developed is the initial condition of the launched fragment. Forces acting on the fragments and affecting their trajectories are inertia, gravitation, and fluid dynamic forces. Besides, if the formation of a fragment occurs before the explosion positive pressure elapses, blast gas pressure would also affect the trajectory. Fluid dynamic force could be simply divided into two components called drag (along the trajectory or normal to the gravity vector) and lift (normal to the trajectory or opposing gravity) [11] .
where F L and F D are the lift force and drag force; C L and C D are two coefficients; A L and A D are the lift area and drag area respectively. a  is the density of air, and v is the fragment velocity.
In this study, fragments are assumed to be chunkily shaped, and in that case, C L is very small, so lift force is neglected. Taking other forces into account, we can get the following expressions of instant acceleration.
Where y  and z  are accelerations in horizontal and vertical directions, respectively. p is the residual blast pressure at the time when fragment is formed. y  and z  are velocities; g is the gravitational constant and  is the trajectory The rebound of fragment is not considered, and the launch distance is defined as the projected horizontal distance of the flying trajectory. Fig. 3 shows the distributions of the fragment launch distance.
(a) Scaled distance=0.5m*kg As shown, for the first two cases, the generalized extreme value distribution is used to describe the fragment launch distance; for the last four cases, exponential distribution function is more appropriate. However, for case 3 and case 4, no suitable distribution function is found to model the distribution of fragment launch distance, which is more likely as a combination of generalized extreme value distribution and exponential distribution.
Statistical properties of induced fragments
In order to describe the relation between blast loads and fragment properties, mean and variance of fragment size and launch distance are calculated in each case, which are shown in Fig. 4 and Fig. 5 . According to the numerical data, linear equations are used to represent the relations between the mean fragment size, variance and the scaled distance. Similarly, the relations between mean, variance of fragment launch distance and scaled distance are described by Boltzmann Equations.
Conclusions
Numerical estimation of masonry wall fragment distributions is presented in this paper. A method based on fracture mechanics in numerical simulation is used to calculate fragment size and initial ejection velocity. The fragment launch distance is also estimated. The following conclusions can be drawn:
(1) Generalized extreme value distribution can be used to describe fragment size distribution.
(2) When the scaled distance is smaller than 1.0m*kg -1/3 , fragment launch distance distribution also follows the generalized extreme value distribution. When the scaled distance is bigger than 2.5m*kg -1/3 , exponential distribution is more suitable to describe fragment launch distance distribution. When the scaled distance is between 1.0m*kg -1/3 and 2.5 m*kg -1/3 , no proper distribution type for fragment launch distance is determined.
(3) Both the mean and variance of fragment size are linearly related with the scaled distance. Boltzmann Equation can be used to model the relation between mean value and variance of fragment launch distance and the scaled distance.
